INTRODUCTION
Antimicrobial treatments fulfi ll market needs for safety and comfort, and are widely applied to various products in many fi elds 1 .
Currently available antimicrobial agents are classified into three groups: organic, inorganic, and natural-substance-derived. The organic agents, which have been used for a long time, are compounds with relatively low molecular weights; they are poorly sustainable due to their release from the material surface through dissolution or evaporation and have a disadvantage of residual toxicity. Silane coupling agents are frequently used to fi x these agents to solid surfaces and attempts have been made to render material surfaces antimicrobial by combining silane coupling agents with a quaternary ammonium salt such as N,N-dimethyl-N-dodecyl-N-trimethoxysilylpropylammonium chloride 2, 3 .
Quaternary ammonium salts are highly antibacterial and sterilizable, nonirritating, and of low toxicity. When these agents are fi xed on a material surface, the cationic quaternary group, N , causes the attached cell membrane to lose its ionic balance, thereby killing the cell inhibitory action and/or the long-chain alkyl group penetrates into the mem-Silane coupling agents can be used to modify the surface of various materials. When functional organic groups are introduced into silane coupling agent molecules and the agent molecules are fixed on the material surface, the modified surface develops properties that originate from the introduced organic group. The present authors have synthesized a variety of silane coupling agents and shown that a material surface that is modifi ed by the synthesized coupling agents has useful properties 7 16 .
This work aimed to produce a material surface with excellent antimicrobial activity by fi xing a suitable silane coupling agent onto it. In order to modify the surface, 14 novel quaternary ammonium silane coupling agents n-X, n 10 18, X Cl, Br, or I were synthesized. The antimicrobial activities of n-X compounds were evaluated by determining the minimum inhibitory concentration MIC for each compound against 12 kinds of fungi and bacteria by the solid culture medium method. Moreover, the antimicrobial activity of a porcelain plate modifi ed by n-X was evaluated.
Scheme 1 gives the chemical structures of the synthesized n-X. The synthesis of one of the n-X compounds,
Bacteria and fungi
The following twelve kinds of microorganisms were used. A platinum earpickful of each of the microorganisms was taken from the culture medium containing the original germ strain, cultured for 24-48 h at 37 after being transferred into a sloping common agar medium, kept at 5-10 , and used within a month JIS L 1902 17 .
Next, 0.35 g of the common agar medium and 10 mL of distilled water were mixed, the mixture was sterilized at 121 for 30 min in an autoclave, transferred to a sterilized laboratory dish, and allowed to solidify to produce a planar solid medium.
A liquid medium was prepared in the following manner. Brain-heart infusion broth 7.5 g and 300 mL of distilled water were placed in a 500-mL shake-flask. The mixture was sterilized at 121 for 30 min and stirred for 5 d in a thermostat at 30 after adding a platinum earpickful of the microorganism. This liquid medium was diluted with physiological saline 0.9 NaCl solution to adjust the turbidity to obtain an absorbance of 0.55 at 660 nm.
The number of living cells in the turbidity-adjusted microorganism suspension was determined by counting the number of colonies formed on the common agar medium after the adjusted liquid medium was diluted 10 0 -10 6 times with physiological saline; 0.1 mL of the liquid were applied to the agar medium and cultured for 2 d at 37 in an incubator.
Apparatus

Measurements and instruments for synthesis
FT-IR spectra were measured by the attenuated total reflection ATR method using a Nicolet Avatar 360 FT-IR spectrometer. A Bruker DPX-400 spectrometer was used to measure the 1 H-NMR spectra at 400 MHz in CDCl 3 at room temperature with TMS as the internal standard. A JEOL JMS SX102A JEOL, Tokyo, Japan was used for mass spectrometry MS by the electron ionization EI method. 2.4.2 Measurements and instruments for MIC and shakefl ask test The instruments used were a thermostated incubator Model-A AFR-113S, Isuzu Seisakusho, Niigata, Japan , a desktop high-vapor-pressure sterilizer IST-150, AS ONE Co., Osaka, Japan , an autoclave ACV-2450, Iwaki Glass, Chiba, Jaban , an incubator 1-60S, Fuji Rika Kogyo , a microorganism planter Microplanter WIT-P, Sakuma Seisakusho, Tokyo, Japan , and a double-beam spectroscopic
Scheme 1
photometer U-2000A, Hitachi, Tokyo, Japan .
Synthesis
Aminosilane MDAA3M
Scheme 2 shows the synthetic route of aminosilane. Trimethoxysilane 5.31 g, 43.5 mmol , THF 10 mL , and 0.1 M chloroplatinic acid hexahydrate solution in THF 0.2 mL were placed in a 100-mL round-bottom fl ask equipped with a dropping funnel and refl ux condenser. Subsequently, N,N-diallyl-N-methylamine MDAA 4.04 g 36.3 mmol was added slowly for 30 min in a nitrogen atmosphere to the reaction mixture, while heating at its boiling point ca.
76
. The mixture was further heated for 15 h at the boiling point of the mixture. The product was a colorless transparent liquid MDAA3M after the solvent was removed at reduced pressure and the residue was distilled in a vacuum bp 42 /14 Pa . agent n-X Scheme 3 shows the synthetic route of n-X. H CH 2 n X X Cl, Br, or I and about 10 mL of acetonitrile as solvent were placed in a 100-mL round-bottom fl ask equipped with a refl ux condenser and dropping funnel, and the mixture was heated to 85 . MDAA3M solution 10 mL in acetonitrile was then slowly added to the fl ask from the dropping funnel and the solution was refl uxed at 85 . Next, acetonitrile was removed by distillation at reduced pressure, and the residue in the flask was washed with hexane and acetonitrile to remove the unreacted H CH 2 n X. The solvents used for washing were removed by distillation at reduced pressure to retrieve the product. Table 1 lists the amounts of reactants used, the reaction time, and the yields and properties of the products. Forty milligrams of each of the synthesized silane coupling agents, n-X, were accurately weighed, and dissolved in 10 mL of ethanol to produce the original solution at 0.4 w/v . Culture media containing 400, 200, 100, 50, 25, and 10 ppm of n-X were prepared by progressively diluting the original solution with a dispersion of common agar culture medium for bacteria or potato dextrose/agar culture medium. Each of the culture media thus prepared was sterilized, poured into a petri dish, and solidifi ed.
Inoculation and culture of microorganisms
A drop of a suspension of spores with microorganisms was inoculated onto each of the prepared culture media. The inoculated media were cultured for 2 d at 37 for bacteria and 7 d at 25 for yeasts and molds, and their growth was observed. The minimum n-X concentration for the culture medium on which no germ growth was observed was taken as the MIC value of that medium. The MIC values for each of the 14 silane coupling agents were similarly determined. Table 2 gives the values of MIC for all n-X.
Antibacterial tests for modifi ed ceramics 2.5.4.1 Preparation of bacterial suspensions
The antimicrobial activity of a modifi ed surface was examined against S. aureus and M. luteus both Gram-positive and E. coli Gram-negative using porcelain plates modifi ed by n-X. Each of the bacteria was used after the following treatment. A platinum earpickful of each bacterium was taken from the culture medium of the original strain, transplanted into the common agar sloping culture medium, cultured for 24-48 h at 37 , and kept at 5-10 . All the bacteria were used within a month of culturing 18 .
Suspensions of bacteria were prepared in the following manner. A platinum earpickful of each of the bacteria was put into the liquid culture medium, which was prepared from 7.5 g of brain-heart infusion broth and 300 mL of distilled water. The suspensions were stirred for 5 d at 30 and then diluted with physiological saline to obtain an absorbance of 0.60 at 660 nm.
Surface modifi cation of porcelain plates
Porcelain plates with dimensions of 18 mm 18 mm 10 mm were ultrasonically washed for 5 min three times with 100 mL of acetone/2-propanol 1:1 mixed solvent, and then for 5 min with 100 mL of toluene as the modifying solvent.
The plates were immersed in a 20-mM solution of silane coupling agent in toluene for 3 h at 80 , washed with toluene, and aged in an oven for 30 min at 130 for gas chromatography air 17 .
Antibacterial activity of modifi ed porcelain plate
Forty milliliters of bacterium suspension were each put in a 200-mL conical fl ask into which an unmodifi ed and an n-X-modifi ed porcelain plate were placed. The fl asks were shaken for 2 d in a thermostated bath at 37 . The bacterial suspension was then diluted 10 0 -10 6 times and 0.1 mL of each diluted suspension were applied to the common planar agar culture media. The number of colonies formed on each medium was counted after the media were allowed to stand for 2 d at 37 in an incubator. The results are listed in Table 3 .
The antibacterial activity value AAV is an antibacterial agent index that is frequently used in the production of antibacterial-processed goods and defined by the following formula assuming that when the bacterium suspension is diluted 10 times, the number of bacteria also becomes 1/10 :
AAV log A/B where A is the number of living cells cfu colony forming unit /0.1 mL on the unmodified porcelain plate in the shake-flask test and B is that on the modified plate. The number of living cells was determined by calculating the colony count at measurable dilutions colony count dilution and averaging the values obtained at two dilutions.
The value for M. luteus on the 10-Cl modified plate is determined as an example as below. The values of A and B for 10-Cl are also given below.
A 83 10 S. typhimurium 400 400 400 >400 >400 400 400 >400 >400 >400 400 >400 >400 >400
P. aeruginosa >400 >400 >400 >400 >400 >400 >400 >400 >400 >400 >400 >400 >400 >400
C. albicans >400 >400 >400 >400 >400 >400 >400 >400 >400 >400 400 >400 >400 400
S. cerevisiae >400 >400 >400 >400 >400 400 >400 >400 >400 >400 400 >400 400 400
T. mentagrophytes >400 >400 >400 >400 >400 400 400 >400 >400 >400 400 >400 400 400
M. gypseum >400 >400 >400 >400 >400 200 400 >400 >400 >400 400 >400 400 400
P. chrysogenum >400 >400 >400 >400 >400 >400 >400 >400 >400 >400 400 >400 >400 >400
A. niger >400 >400 >400 >400 >400 >400 >400 >400 >400 >400 >400 >400 >400 >400 Table 3 Colony counts after 2-day cultivation and antibacterial activity value of S. aureus plates was ultrasonically washed with pure water. The washed plate was vacuum dried at room temperature, placed in a 200-mL flask containing 40 mL of S. aureus liquid culture medium, and again subjected to the antibacterial test. This operation was repeated five times. The other plate was treated similarly without washing and this operation was repeated five times. The liquid culture medium used was diluted 10 3 -10 6 times with physiological saline after each test, and 0.1 mL of each medium were applied uniformly to the common agar culture medium. The agar culture medium was cultured for 2 d at 37 in an incubator and the number of colonies formed on the medium was counted. The results are given in 3.3.4.
RESULTS AND DISCUSSION
Synthesis of aminosilane MDAA3M
A colorless liquid bp 42 /14 Pa was obtained in a yield of 45 using a mild reaction of trimethoxysilane with N,Ndiallyl-N-methylamine MDAA in the presence of chloroplatinate salt. The 1 H-NMR, mass, and IR spectral are given in section 2.5.1 17 19 .
3.2 Synthesis of quaternary ammonium silane coupling agents n-X The reactions of MDAA3M with H CH 2 n X X Cl, Br, and I, n 10, 12, 14, 16, and 18, with the exception of 14-I in acetonitrile at its boiling point gave n-X as orange-brown colored viscous liquids. Table 1 shows the stoichiometry of the reactants, reaction times, yields, and properties of n-X. The spectra data are given in 2.5.2 18, 22 . Table 2 lists the results of the MIC tests against 12 kinds of fungi and bacteria. The lower the MIC value was, the higher the antimicrobial activity. The compound 10-Br exhibited the highest antimicrobial activity among n-X with MIC values lower than 100 against all Gram-positive bacteria. With quaternary ammonium salts, the values of MIC are in general below 400 against Gram-negative bacteria, yeasts, and molds, all of which are said to be resistant to quaternary ammonium salts.
Antimicrobial activity test 3.3.1 MIC test
The alkyl chain length remarkably affected the antibacterial activity of n-X against Gram-positive bacteria and E. coli Gram-negative bacterium , whereas the counter-ion rather than the chain length was suggested to affect the activity of the coupling agents against the other Gram-negative bacteria, yeasts, and fungi.
The values of MIC for n-X against yeasts and molds were higher than those against Gram-positive bacteria; in contrast, the antibacterial activity was low. Gram-positive and Gram-negative bacteria are procaryotic cells, whereas yeasts and molds are eucaryotic cells. Eucaryotic cells are more complicated than procaryotic cells in terms of cell composition and structure. This would result in higher resistance to chemical and physical actions and lower antimicrobial activity for eucaryotic cells than procaryotic ones 17, 23 .
Shake fl ask test
Antibacterial tests were performed by the shake-flask method using a porcelain plate modifi ed by n-X. Tables 3-5 show the colony counts on the medium after 2-d cultivation. When counting was impossible because of the large number of colonies, a larger number of symbols were assigned to the visually wider area covered with colonies. 10-Cl and 10-Br exhibited high antibacterial activity against S. aureus, M. luteus, and E. coli in MIC tests, but 14-Cl and 14-Br showed high antibacterial activity with the modifi ed porcelain plate.
The antibacterial activity value was used to evaluate and examine the antibacterial activity of the modifi ed porcelain plates 24, 25 . The method of estimating the antibacterial activity value is described in section 2.5. tibacterial activity value after contact with an agent for 24 h exceeds 2.0, the agent is regarded as having a practically usable antibacterial activity, and, hence, n-X can be said to have exhibited a practically high antibacterial activity; 10-Cl, 14-Cl, 10-Br, and 14-Br were excellent in this regard. 3.3.3 Time course of change in antibacterial activity of porcelain plate modifi ed by 10-Br Changes over time in the antibacterial activity of the porcelain plate modified by 10-Br were evaluated by the shake-fl ask test method using S. aureus. Table 6 Table 7 Colony count for shaking 90 min, living cell, antibacterial activity value and bacterial survival ratio of S. aureus using modifi ed porcelain plate by 10-Br dilution unmodifi ed wash1 wash2 wash3 wash4 wash5 unwash1 unwash2 unwash3 unwash4 unwash5 the shake-fl ask test using S. aureus. The evaluations were performed with modifi ed porcelain plates that were washed ultrasonically after each test and with unwashed plates. Table 7 lists the numbers of living bacteria calculated from colony counts , bacterial survival ratios BSR , and antibacterial activity values AAV . The BSR was calculated using the following equation three signifi cant fi gures : BSR number of living bacteria on modifi ed porcelain plate 100/ number of living bacteria on unmodifi ed porcelain plate . Although the survival ratio increased after each test for the unwashed porcelain plates, it remained at nearly 0 for the washed porcelain plates and the antibacterial activity recovered with ultrasonic treatment.
The quaternary ammonium groups that exhibit antibacterial activity adsorb and kill bacteria but they no longer adsorb new cells unless the already adsorbed cells are removed, suggesting a lowering of the antibacterial effect. The antibacterial activity value of the 10-Br-modifi ed porcelain plate gave a value greater than 2.0 after ultrasonic washing if the number of washings was fewer than four, above which the activity decreased. This was caused by the release of the antibacterial agent by the ultrasonic waves.
CONCLUSIONS
The present paper describes the synthesis of silane coupling agents with antimicrobial activity. Material surfaces modifi ed by the agents showed prolonged sustainable antibacterial activity. The synthesized antimicrobial silane coupling agents could be used as antibacterial agents in preventing hospital-acquired infections, bioengineering, water treatment, sterilization, environmental protection, etc.
